The pinning effects of different particles on grain growth were investigated in Fe-20 mass% Cr alloys deoxidised with Ti and Zr. More specifically, in-situ observations of the specimen surface were made during heat treatment at 1 200 and 1 400°C in a High Temperature -Confocal Scanning Laser Microscope (HT-CSLM). Initially, primary and secondary particles were investigated using thermodynamic equilibrium calculations and the SEM/EDX observations. Thereafter, the pinning effect of secondary nitride particles on grain boundary migration and the kinetics of the grain growth process were investigated. It was found that secondary nitride particles generally have a considerable effect on the pinning of grain boundary migration during heating treatment. This is especially true for heat treatment at 1 400°C. Despite that the pinning effect of TiN particles decreases due to dissolution of these particles, the implicit pinning effects of ZrO2, ZrO2-ZrN and ZrO2-ZrN-TiN particles appear. Thus, despite that TiN individually is ineffective in causing grain-boundary pinning at high-temperature, TiN is effective as a compound with ZrO2 and ZrN in pinning grain-boundaries at high temperatures. The changing of the uniformity of grain size distributions during grain growth at different N contents and temperatures was discussed based on the consideration of the geometric standard deviation of the grain size distribution (σ g).
Introduction
Recently, the products of stainless steel grades with high contents of Ni have become quite expensive, due to a high and very fluctuating price of Ni. Today, the Ni content varies from 4 to 10 mass% in typical stainless steel grades. Therefore, many studies 1, 2) have focused on applications and developments of ferritic and other stainless steel grades without or with low contents of Ni. Here, one example of an effective direction of improving the final properties for ferritic stainless steel grades is a refinement of the microstructure.
It is well known that the inclusions in steel have a significant influence on the microstructure of the final product. Therefore, many researchers have studied the effect of different inclusions on the formation of the solidification structure and the control of grain growth during heat treatment. [3] [4] [5] [6] [7] [8] Among many interesting findings, it was reported that the precipitation of TiN 5, 6) or the oxides enveloped by TiN 3, 7) promotes the formation of equiaxed grains in ferritic stainless steels. Especially, for the compounds made up of TiN and oxide. More specifically, J.L. Cavazos 3) pointed out that Zr oxide particles, which are formed during solidification, act as nuclei to the epitaxial nucleation of Ti and Ta carbides and nitrides. Moreover, Fujimura et al. 7) suggested that the spinel particles accelerate the formation of TIN in the melt based on observations of Mg-Al spinels enveloped by TiN. This results in the formation of an equiaxed fine-grain structure. Furthermore, in recent years several studies describe 3, 4, 8) the pinning effect of carbide and nitride particles of elements such as titanium, boron and niobium, which are precipitated and located on grain boundaries. Especially, El-Kashif et al. 8) found that the combined addition of B and Nb leads to a finer grain structure compared to when Nb is added alone. In addition, a simultaneous addition of B and Ti leads to a coarser grain structure than an addition of only Ti. However, the effect of the compound particle made up of TiN and oxide was not discussed.
In the present study, the effects of different particles on the growth process of ferrite grains in the equiaxed zone of Fe-20 mass% Cr alloy ingots deoxidized with Ti and Zr have been investigated. More specifically, the grain growth during heat treatment at 1 200 and 1 400°C was observed insitu by using a High-Temperature -Confocal Scanning Laser Microscope (HT-CSLM). After the identification of primary and secondary particles using the thermodynamic equilibrium calculation and the Scanning Electron Microscope (SEM) / Energy Dispersive X-ray spectroscopy (EDX) analysis, the pinning effects of secondary nitride particles on grain boundary migration and kinetics of the grain growth process are discussed. © 2013 ISIJ
Experimental

Melting and Solidification Procedure
Three mother alloys of a Fe-20 mass% Cr with different nitrogen contents were made by pre-melting of electrolytic Fe and pure Cr metal in an arc furnace in an Ar atmosphere. Then, 150 g of the alloy was re-melted in an induction furnace at 1 600°C and deoxidised by Ti (0.1 mass%) and Zr (0.1 mass%) in an Ar atmosphere. After the addition of an appropriate amount of Fe-50 mass% Ti and Fe-76 mass% Zr alloys for deoxidation, the melt was stirred and held for 30 sec for homogenisation of the chemical composition. This was followed by cooling to 1 400°C at a cooling rate of 0.8°C/s and then finally water quenching. A schematic illustration of the melting and solidification procedure is shown in Fig. 1(a) .
9)
Heat Treatment Procedure
Vertical slices (thickness: about 2 mm) of the ingot samples (shape: cylinder, diameter: 30.3 mm, height: 28.2 mm) were etched to enable a detection of the equiaxed zone. The size of equiaxed grains was determined by Light Optical Microscopy (LOM) on horizontal slices of the sample after etching by a solution of 75 volume% HCl -25 volume% HNO3 concentrated acids at room temperature.
Two pieces from the horizontal slice of the equiaxed zone were cut in the shape of cylinders (4.2 mm in diameter × 1.5 mm in height) for the heat treatment using a High-Temperature Confocal Scanning Laser Microscope (HT-CSLM), which was developed cooperatively by Tohoku University and Lasertec Corporation, Japan. 10, 11) These pieces were heated at 100°C/min after the 10 min dehydration at 200°C. Thereafter, they were held for 60 min at 1 200 and 1 400°C in a pure Ar atmosphere. These pieces are hereafter referred to as "specimen A and B", respectively. A schematic illustration of the heat treatment procedure is shown in Fig. 1(b) . A detailed description of the procedures used during the HT-CSLM heating experiments is given in a separate article. [10] [11] [12] The grain growth on the specimen surface was observed insitu during heat treatment in the HT-CSLM at magnifications of 100, 200 and 400 times by consistent scanning and recording at 2, 5, 10, 15, 30, 45 and 60 min.
Assessment of Particle Characteristics
For analysis of particle characteristics such as number, size, composition and morphology, another piece (10 × 5 × 3 mm) was cut from the horizontal slice of the equiaxed zone. The specimen was dissolved with a 10%AA electrolyte (10 v/v% acetylacetone -1 w/v% tetramethylammonium chloride -methanol solution) by using the potentiostatic electrolytic extraction method. The following parameters of electrolytic extraction were used: voltage -150 mV, electric current -50 mA, electric charge -300 Coulombs. The amount of dissolved metal was on average 0.07-0.08 g. The residual particles after extraction and filtration were observed on the film-filter surface by using Scanning Electron Microscopy (SEM) in combination with Energy Dispersive Xray spectroscopy (EDX) at magnifications of 1 000, 2 500 and 5 000 times. In order to determine the particle characteristics, more than 200 particles were measured for each sample. The particle size was determined as the equivalent diameter, d, for a sphere having the same area as the projected image of the measured particle on the SEM photomicrograph.
After the heat treatment at 1 200 and 1 400°C, the characteristics of grains (such as the length of grain boundaries and the area of the grains) and particles (such as the number, size, morphology and location in grain) were investigated on the specimen surface by SEM studies at magnifications of 100 to 2 000 times. In addition, for investigation of the effects of different particles on the grain growth process, the number of particles located near the grain boundaries per unit length of the grain boundary, NL, was determined.
Chemical Analysis
Soluble and insoluble contents of Ti, Zr and Cr were determined by separate analysis of residual particles on film filters as well as for the dissolved matrix in the electrolyte. This was done after the completion of the electrolytic extraction and after the filtration. The chemical composition of soluble elements, Msol, corresponding to the dissolved elements in the filtrated electrolyte, and insoluble elements, Minsol, corresponding to the residue on the membrane polytetrafluoroethylene (PTFE) filter, was obtained by using inductively-coupled plasma (ICP) emission spectrometry. 
Results and Discussion
Characteristics of Primary and Secondary Particles
Clarification of Primary and Secondary Particles
In a previous study 9) it was shown that all particles in the samples can be divided into primary and secondary particles, depending on the time and temperature of precipitation. The primary particles are precipitated in the melt directly after deoxidation. In addition, they are formed during holding and cooling of the melt until the start of solidification. The experimental investigation results in combination with the thermodynamic equilibrium calculations, by using the Thermo-Calc © software, 8) shows that primary particles are precipitated before solidification. These particles are primarily Zr oxides in all experiments. Furthermore, ZrN particles in the experiments with a high N content (248 and 490 ppm). In addition, the secondary particles are precipitated during solidification. They consist of some amounts of ZrN and in most samples TiN particles. Moreover, some amount of TiN particles can precipitate in the solid during cooling after solidification.
(1) Primary Particles According to previous articles published by Koseki et al., 5, 13) and by Fujimura et al. 7) as well as the results of this study, the formation process of equiaxed grains in the Fe-20 mass% Cr alloy deoxidised with Ti and Zr can be illustrated schematically. This is done in Fig. 2 as a function of the N content. It can be seen that the ZrO2, ZrN and complex ZrO2-ZrN particles, which precipitated in the melt before solidification, can act as potential sites for a heterogeneous nucleation of an α-ferrite phase on the particle surface in the liquid-solid phase zone during solidification. Based on the two-dimensional (2D) analysis of inclusions on cross sections by using SEM/EDX, it was found that most of the ZrO2 and complex ZrO2-ZrN particles with a low content of TiN are located inside the grains. This can be seen in typical SEM photomicrographs given in Fig. 3 for samples with different N contents. Therefore, in this study, these particles were considered to be sites for the nucleation of an α-ferrite phase. This significantly influences the size distribution of the initial equiaxed grains in the as-cast samples. Thus, it may be safe to conclude that the number and size of the ferrite grains in the liquid-solid phase zone basically depends on the number and compositions of these primary nucleating sites.
(2) Secondary Particles According to previous results obtained from thermodynamic equilibrium calculations, 9) the TiN particles are precipitated only during and after solidification. In addition, some amount of ZrN particles can also precipitate during solidification. The time for TiN precipitation depends on the N content in the melt as well as on the solidification/cooling rate. The majority of the TiN particles are formed heterogeneously during the final period of solidification, when the N content in the remaining liquid phase increases to the appropriate level necessary for precipitation of TiN. Therefore, in this study, the TiN particles are not considered as potential sites for nucleation of an α-ferrite phase. In addition, based on experiments it was found that the TiN particles as well as some amount of ZrN-TiN and ZrN particles are formed in inter-granular regions. Thus, they are located mostly on grain boundaries, as shown in Fig. 3 . As a result, these particles have a pinning effect on the grain boundary migration during grain growth. Therefore, these particles were denoted "pinning particles on grain boundaries" in this study. These will have an effect on the final sizes of the equiaxed grains after grain growth during heat treatment.
Morphologies and Compositions of Primary and
Secondary Particles In a previous study, 9) all particles were classified based on the morphology into the following groups: "spherical or polyhedral", "spherical or polyhedral + cubic" and "cubic" particles. The relations between the number of particles, NV, which have different compositions, morphologies, and N content are plotted in Fig. 4. (1) Primary Particles It can be seen that the number of ZrO2 and complex particles (such as ZrO2-ZrN and ZrO2-ZrN-TiN with a low TiN content) agrees very well with the number of "spherical" and "spherical + cubic" particles. According to the precipitation period, these particles can act as potential sites for a heterogeneous nucleation of an α-ferrite phase on a particle surface in the liquid-solid phase zone during solidification (Fig. 2) . As shown in Fig. 4 , the number of potential sites for an α-ferrite phase nucleation increases significantly with an increased N content. This is due to the increased number of precipitated ZrN and ZrO2-ZrN particles.
(2) Secondary Particles
The number of TiN particles agrees satisfactory well with the number of "cubic" particles. According to the results obtained from the thermodynamic equilibrium calculation and the 2D analysis using SEM/EDX (Fig. 3) , these particles did only precipitate during and after solidification. In addition, they were located mostly on grain boundaries. It should be pointed out that it was also observed in the SEM/ EDX that some amount of ZrN particles and ZrO2-ZrN particles did also precipitate at the grain boundaries during the final solidification period. It was observed visually in the HT-CSLM studies that these inclusions present on the grain boundaries successfully stopped the grain growth at 1 200°C. Therefore, it was concluded that all these particles (TiN, ZrO2-ZrN and ZrO2-ZrN-TiN) have a significant pinning effect on the grain growth at this temperature. In Fig.  4 , it is interesting to note that the number of precipitated TiN inclusions does not practically change with increased N contents. This can be explained by the decrease of the real content of dissolved N, which is available for reactions with Ti in samples. This is due to a more preferable formation of the ZrN particle and ZrO2-ZrN particles, and consequently it might be an implicit key point. 
Grain Growth during Heat Treatment
were found to be almost constant during all times of heat treatment at 1 200°C. This is due to the high number of particles on the grain surface, which fixed the grain boundaries and pinned the grain growth. However, the values for Exps. 1B and 2B at 1 400°C increased significantly (on 30-50%) during the initial 2 min period and only slightly during the initial 2 to 15 min period with an increased holding time. This can be explained by a reduced pinning effect of particles due to dissolution of almost all Ti nitrides during heat treatment at 1 400°C. In this study, the initial 2 min is enough for the rapid dissolution of TiN at 1 400°C. According to the dissolution of TiN during synthetic weld thermal cycling experiment by Mukae et al., 14) the solubility product after 5 sec of holding at 1 350°C is almost close to the equilibrium value of that by S. Matsuda et al. 15) However, the values do not increase after 15 min. This can be explained by the implicit pinning effect of ZrO2, ZrO2-ZrN and ZrO2-ZrN-TiN particles, which do not dissolve completely during holding at 1 400°C.
It is interesting to point out that the value in Exp. 3B does practically not change during heating and 2 minutes of holding at 1 400°C. Only later the average grain size starts to increase slightly with an increased holding time. It may be explained by the larger time which is need for dissolution of ZrN inclusions at 1 400°C compared to TiN inclusions. This fact can be used for control of grain size in a heated affected zone in steel during the welding process. (2) where T.N(G) and T.A(G) are the total number and the total area of measured grains on cross sections, respectively.
It can be seen for the heat treatment at 1 200°C of the specimen with a 65 ppm N content (Exp. 1A in Fig. 6(a) that the number of small-size grains decreases and the number of large-size grains significantly increases with an increased holding time. This is due to that the grain growth occurs in the absence of "pinning particles" on grain boundaries, as mentioned above. In this case, the width of the grain size distributions decreases during holding at high temperatures. During the heat treatment at 1 400°C of this specimen (Exp. 1B in Fig. 6(b) , the width of the grain size distribution also decreases during the initial 15 min. This is due to a decreased number of small size grains. However, the shape and width of the grain size distribution does not change substantially after holding times larger than 15 min.
For the heat treatment of the specimens at 1 200°C, with intermediate N contents (Exp. 2A in Fig. 7(a) ) and high N contents (Exp. 3A in Fig. 8(a) ), the shape of the grain size distributions are only slightly changed with an increased holding time. This can clearly be explained by the high pinning effect of nitride particles (TiN, ZrN-TiN and ZrN), which are located on grain boundaries, on the grain growth during holding at 1 200°C. But the curves representing the grain size distributions are moved to the right side of the figure with an increased average grain size, during holding at 1 400°C (Exp. 2B in Fig. 7(b) and Exp. 3B in Fig. 8(b) ). In addition, it can be seen that the number of small-size grains significantly decreases and the number of large-size grains increases with an increased holding time. Thus, the width of the grain size distributions decreases during holding at 1 400°C. In this case, the majority of the TiN particles are dissolved rapidly at this temperature.
The relationship between the number of "pinning particles" per unit length of grain boundaries, NL, and the holding temperature (60 min holding) is plotted in Fig. 9 . As mentioned in section 3.1.2(2), all these particles (TiN, ZrO2-ZrN and ZrO2-ZrN-TiN) have a significant pinning effect on the grain growth. By comparing Figs. 4 and 9, it seems that all these particles have a pinning effect during holding at 1 200°C. Moreover, that at 1 400°C only the implicit pinning effect of ZrO2, ZrO2-ZrN and ZrO2-ZrNTiN particles, which do not dissolve completely during holding at 1 400°C, appear. Of course, the pinning effect cannot be discussed only from the view point of the number of "pinning particles", because it will be controlled by the size and type of particles. Therefore, investigations are needed to understand the role and contributions of inclusion characteristics (such as number, size, composition and morphology) on the "pinning effect" of particles in steel during heat treatment at high temperatures.
Grain Growth Process
The kinetics of the grain growth process is discussed from the view point of a grain size uniformity and grain growth potency based on the σg value (geometric standard deviation of grain size distribution).
It is well known that the statistical median and the geometric standard deviation, σg, rigidly determines the lognormal distribution function, which is frequently used for analysis of particle and grain size distributions in samples. 16, 17) The σg value usually defines the uniformity of the size distribution function, i.e. it determines the deviation of the measured values from a statistical median value. 18, 19) Therefore, the lnσg value in this study is applied for a quantitative determination of the shape of the grain size distribu- 8(a) . This can be explained by some decrease of the equivalent size for smaller grains and by some increase of the size for larger grains. This is due to the increased curvature of grain boundaries between the "pinning particles" during heating and the initial 15 min of holding at 1 200°C, as shown in the SEM photomicrographs in Fig. 11 . Later, the curvature of the grain boundaries between the "pinning particles" does not increase, due to a stop of the grain growth. As a result, the lnσg value does not change during the following holding time at this temperature.
In Fig. 10(b) , representing holding at 1 400°C, it can be seen that the lnσg values for specimens with different N contents decreases during the initial 15 min of holding at 1 400°C. Moreover, that the lnσg values remain constant after 15 min. This can be explained by the dissolution of most of the TiN "pinning particles" as a result of a rapid growth of grains during this period. Furthermore, due to the appearance of the implicit pinning effects of ZrO2, ZrO2-ZrN and ZrO2-ZrN-TiN particles shortly afterwards.
From these results it is clear that the observed grain size distributions on the specimen surface become more uniform, due to the lower deviation of the measured DA values from the statistical median value, . It is confirmed numerically by the significant decrease of the lnσg values for Exps. 1B, 2B and 3B during the initial 15 minutes of holding at 1 400°C. Thereafter, the lnσg values in Exps. 1B and 3B are only insignificantly changed during the subsequent holding period at this temperature. This is due to the deceleration of grain growth in these experiments due to pinning. However, the lnσg value in Exp. 2B continues to decrease rapidly after a 30 min holding time at 1 400°C due to the continuation of grain growth. It may be explained by the decreased number of "pinning particles" on grain boundaries (Fig. 9 ) and the presence of some grains, which have too large sizes (DA 0 .8-1.2 mm) in comparison to other grains in this specimen. In this case, the number of "pinning particles" on the grain boundaries (NL(60 min) ~ 4-6 mm -1 ) is not enough for pinning of the largest grains at 1 400°C. Therefore, the grain growth continues during the entire 60 min of holding. Unfortunately, the reason for the presence as well as the continued growth of those largest grains is still unclear and need further investigations.
The majority of the TiN particles dissolve at an increased temperature of the specimen up to 1 400°C due to the drastically increased solubility of Ti and N in solid steel at this temperature. 20) This can be explained by the implicit pinning effect of ZrO2, ZrO2-ZrN and ZrO2-ZrN-TiN particles, which do not dissolve completely during holding at 1 400°C. Moreover, it was found that the grain size distributions in specimens from Exps. 1B and 3B, after 30 min of holding at 1 400°C, are more uniform in comparison to the initial grain size distributions (lnσg(60 min) << lnσg(2 min) as shown in Fig. 10(b) .
Conclusions
The paper discusses the pinning effects of secondary nitride particles on grain boundary migration and kinetics of the grain growth process in Fe-20 mass% Cr alloys deoxidised with Ti and Zr. The most important results can be summarized as follows:
(1) Secondary nitride particles such as TiN, ZrN and ZrN-TiN generally have a considerable influence on the pinning of grain boundary migration during heat treatment. This is especially true during heat treatment at 1 400°C. Although the pinning effect of TiN particles decreases due to the dissolution of these particles, pinning of ZrO2, ZrO2-ZrN and ZrO2-ZrN-TiN particles appear.
(2) For a high N content (490 ppm) in the alloy the grain growth is relatively small during holding at 1 400°C. The final average grain size is not larger than 0.35 mm. Moreover, the average grain size, , in Exp. 3B does practically not change during heating and 2 minutes of holding at 1 400°C. This observation can be of interest for control of grain size in a heated affected zone in steel during the welding process.
(3) The uniformity of the grain size distributions increases with grain growth at 1 400°C. 
